The effect of Escherichia coli ribonuclease II and polynucleotide phosphorylase was analysed on the degradation of Desulfovibrio vulgaris cytochrome cs (cyc) mRNA. In the absence of these exoribonucleolytic activities, cyc mRNA was stabilised but the two enzymes had a different role in its decay. Surprisingly, a temperature-sensitive mutation in ribonuclease II gave a degradation pattern similar to what had been observed in the absence of endoribonuclease E activity. In an RNase II deletion mutant this was not observed. We propose and verify a model in which the temperature-sensitive ribonuclease II interferes with the action of ribonuclease E.
Introduction
Messenger RNA degradation is one of the key elements in the control of gene expression. In Escherichia coli, mRNA decay is mediated by a combination of exo-and endoribonucleases.
RNase E appears to be the major endonuclease involved in mRNA decay in E. coli [l] . Two processive 3'-5' exonucleases, ribonuclease II (RNase II) and polynucleotide phosphorylase (PNPase), are primarily responsible for the bulk degradation of mRNA [2] .
The rnb gene which encodes RNase II has been * Corresponding author. Tel.: +351 (1) 442 6321; Fax: +351 (1) 442 8766; E-mail: cecilia@itqb.unl.pt characterised in our laboratory [3, 4] . RNase II has been shown to be more sensitive to secondary structures in the RNA than PNPase [5] . It was proposed that RNase II could bind to the 3' end of the RNA and block the access to other degradative activities C&71.
Desulfovibrio vulgaris Hildenborough is an industrially important microorganism, for which no ribonucleases have been described. The cyc mRNA is a small mRNA (484 bp) which is abundantly expressed in E. coli. We had previously studied the cyc transcript in the native species and in E. coli, and the results suggested that mechanisms of mRNA decay in the sulfate reducer might be similar to those in E. coli [8] . The aim of this paper was to study the effect The transcription initiation site is indicated. A secondary structure probably involved in termination is represented [8] . Also shown is a diagram of the probes used in this study. Probe I represents the fragment used in the RNA blotting experiments; probes II and III were labelled at the 3' and 5' ends of the fragment, respectively, and used in Si mapping experiments. Probe II was generated by digestion of the EcoRl-Hind111 fragment of pJ800 with the enzyme &HI.
The appropriate fragment was then gel purified and end-labelled with [a-32P]dCTP using the Klenow fragment of DNA polymerase (Stratagene). Probe III was produced by digestion of the EcoRl-Hind111 fragment of pJ800 with the enzyme AvalI and then gel purified, dephosphorylated with calf intestinal phosphatase (Boehringer-Mannheim) and end-labelled with [y-32P]dATP and T4 polynucleotide kinase (Amersham). 'Indicates the labelled end.
of the E. coli RNase II, and also PNPase on the stability of a heterologous mRNA.
Materials and methods

I. Media, strains and plasmids
The isogenic E. coli host strains used in this study were: MG1693 (wild-type control-thytl715), SK5689 (thyA715, rnb500), SK5691 (thyA715, pnp7), SK5665 (1hyA715, amsl) [9] and CMA201 (MG1693Arnb 201 ::tet) [lo] . These strains were transformed with the plasmid pJ800 which contains the cytochrome cs gene (cyc) from D. vulgaris Hildenborough on a 0.64 kb insert in pUC8 [l l] and were referred to as:
CMA102
(wild-type), CMA103 (amsl strain), CMA104 (r&" strain), CMA105 (pnp7 strain) and CMA106 (Amb strain). The amsl allele is also referred as rnelor met". The mutant PNPase encoded by the pnp7 allele is not thermolabile, while the rn6500 and rnel encode thermosensitive mutations; according to this all strains were grown in LuriaBertani broth at 30°C [9] . When necessary, ampicillin was added to a final concentration of 200 pg/ml.
RNA isolation and determination of half-lives
Cells were grown to mid-exponential phase. Rifampicin (500 @ml) and nalidixic acid (20 l&ml) were added and the cultures were then shifted to the non-permissive temperature of 44°C. Samples
Cl92 Fig. 2 . The degradation pattern of cyc mRNA is different in the wild-type, RNase IIts and PNPase strains. RNA was extracted from strains CMAlO2 (wild-type), CMA104 (mbts) and CMAlO5 (pnp7) at the indicated times (min) after rifampicin addition and shift to 44°C. The cyc mRNA decay intermediates were visual&d by Northern blotting using probe I (P) as described in Section 2. The three strains were compared in the same polyacrylamide gel where 5 Kg of RNA was loaded in each lane. The full-length eye transcript of 484 bp is indicated (A). Capital letters refer to bands of interest found in all the strains. Intermediates identified in the RNase IIts strain are referred to in the text. Greek letters indicate intermediates specific for the pnp strain. Plasmid pBR322 digested with HaeIII was used as a size marker (M) and run in parallel with the samples.
were removed at several time points after the temperature shift. Total cellular RNA was extracted according to the procpdure of Williams and Rogers [12] , and treated with RNase-free DNase I (Boehringer-Mannheim) prior to use. RNA was quantified by spectrophotometry and checked by examining the rRNA bands in stained gels. For Northern blot analysis, RNA samples (5 ug per lane) were electrophoresed on a 6% denaturing polyacrylamide gel, transferred to a nylon membrane (Hybond-N, Amersham) by electroblotting according to the procedure of Fitzwater et al. [13] and fixed by UV irradiation. Pre-hybridization and hybridization to radiolabelled probe I was carried out as described by Thomas [14] . To check that results were independent of the method used for the RNA extraction, samples were also obtained by the hot-phenol method as described by Hajnsdorf et al. [6] . To determine halflives, bands corresponding to the full-length cyc transcript were quantified by densitometric analysis of autoradiographs using a MD Image Quant Software version 3.3. Alternatively, bands were excised from the autoradiograph, incubated in 1 M NaOH, and the resulting solution was spectrophotometritally quantified as described by Suissa [15] . For dot-blot analysis, 2 ug of RNA was fixed to cellulose nitrate filters (Schleicher and Schuell) [9] . Pre-hybridization and hybridization were carried out as before. Dots were cut and then counted on a Beckman LS 6000 LL scintillation counter.
Si nuclease protection analysis
S1 analysis was performed essentially as described by Carlomagno et al. [16] The 32P-labelled fragments of DNA used as probes ( Fig. 1 ) were hybridized to
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Fig. 3. The RNase II'" mutation has a similar effect on qc mRNA degradation to the mutation in RNase E. Northern blotting analysis of ~JJYC mRNA decay in strains CMA102 (wild-type), CMA103 (metS), and CMA104 (mbt") was performed. Time points at which RNA was extracted after rifampicin addition and temperature shift are shown above each lane. Probe I (P) was used to detect cyc mRNA. Capital letters are used to identify the degradation intermediates that are common in all strains. Band 1 is only found in the WT and mbL" strains. Species a, and a2 are specific to the me" strain. In strains r& and mb'", only intermediates referred to in the text are identified. Plasmid pBR322 was digested with Hue111 and used as size marker (M). 50 pg of total RNA, at 53°C overnight. The RNA-DNA hybrids were then treated with 90 units of Si nuclease (Sigma). Samples were denatured at 85°C for 10 min before loading on 6% denaturing polyacrylamide gels. Dried down gels were autoradiographed (Amersham-MP Hyperfilm) at -70°C. Ml3 sequencing reactions were run in parallel to size the protected fragments. The first aim of our study was to determine how the degradation of D. vulgaris cyc mRNA expressed in E. coli is affected by the exoribonucleases RNase II and PNPase. RNA was extracted from a wild-type strain (CMAIOZ), and from the isogenic strains deficient in RNase II (CMA104) or PNPase (CMAlOS) and Northern blotting was performed. An EcoRIHind111 fragment which spanned most of the cyc region (probe I in Fig. 1 ) was used as probe. Fig. 2 shows that cyc mRNA is significantly stabilised in both mutant strains. However, the pattern of degradation intermediates is different in all three strains. The degradation products were slightly more stable in the PNPase mutant strain compared to the thermosensitive RNase II strain (half-lives of 10.3 min for the pnp7 strain and 9.7 min for the rnbts strain). This data suggests that PNPase degrades the cyc mRNA more efficiently than RNase II; this has been observed before in other messages [6, 7] . In the pnp mutant strain, the accumulation of degradation intermediates was already present at time 0 before rifampicin addition. A few species are present in the pnp mutant strain that are not detected in the wild-type and rnbts strains, namely species a, B and y (Fig. 2) . Previous studies have not found such a difference between the two exonuclease mutant strains. PNPase has been shown biochemically to be associated with the endonuclease RNase E in a multiprotein complex [17] . In addition, it also affects adenylation-mediated degradation and cleavages at the 5' end of some RNAs [18] . The critical role of PNPase in the control of degradation is supported by our data. In the RNase II mutant the pattern of decay is considerably different. Breakdown intermediates such as J, L, M and N are significantly more prominent in the mb mutant strain than in the wild-type strain at time 0. However, these smaller breakdown species rapidly disappear after the shift to the non-permissive temperature. (mbt'), CMAIOS (pnp7) and CMA106 (Amb). CR, control reaction without RNA; P, probe III (Fig. 1). (B) S, nuclease protection analysis of the 3' termini of c.vr mRNA species in wild-type (CMA102) pnp (CMAIOS), mb'" (CMAl04) and Arnb (CMA106) strains. Letters denote the decay species referred to in the text (see also Fig. 2) . In both experiments, probe II ( Fig. 1) was hybridised with total RNA extracted from cells at logarithmic growth phase.
Mutations in RNase E or RNuse II lead to u similar pattern of decay
The pattern of cyc degradation intermediates produced by the rnbts strain was almost identical to that obtained with a strain deficient for RNase E [19] . This striking similarity in degradation profiles produced by RNase E and RNase II mutant strains has not previously been reported. Northern blots comparing the degradation of cyc mRNA in strain CMA103, carrying the rne (amsl) allele, with the isogenic strain (CMA104) that carries the rnb500 allele (Fig. 3) were repeated several times with RNAs isolated from different decay experiments. In both mutant strains, some bands, e.g. J, L and M were considerably more intense than in the wild-type ( and partially inhibits its cleavage activity. After temperature shift, the inactivated RNase IIt further inhibits RNase E (closed scissors), so that the degradation pattern resembles that in RNase Et" mutant at the non-permissive temperature. To explain the rapid degradation of smaller intermediates, we suggest that either PNPase has increased activity (dotted) when RNase E is inactivated, or that other unidentified ribonucleases are more active.
3). In the rnbts strain at 60 min after rifampicin addition we could only easily detect band A, that corresponds to the full-length message while in the rn& mutant strain we could observe bands A, al and as, that could be used as a diagnostic feature of the rnets strain. Band I, that is visible in the rnbts strain and is absent in t-nets mutant, was shown to correspond to a RNase E cleavage site [19] . Densitometric analysis of the full-length transcript showed that in the rnbts strain the half-life of cyc transcripts was 9.7 min versus 10.7 min in the rnets strain. This observation was confirmed by dot-blot analysis (data not shown). The similarity in degradation pattern is unexpected because there is no evidence for a relationship between RNase II and RNase E. The results suggested that RNase II could be functionally related to RNase E and the presence of RNase IItS protein could interfere with the action of this endoribonuclease. Most of the degradation studies so far described have used the thermosensitive RNase II encoded by the rnb.500 allele to assign the role of RNase II in the decay of specific messages. In this temperature-sensitive mutant, the protein could continue to have an important role in the control mechanisms of mRNA degradation, despite not having normal catalytic activity. To explain our results we put forward the two models which are summarised in Fig. 6 .
Model 1: The temperature-sensitive RNase II protein at the permissive temperature is already lo-fold less active than the wild-type [2] and is likely to partially degrade some of the RNA but stalls at many major and minor secondary structures. We propose that the temperature-sensitive mutation in RNase II affects either direct or indirect binding of the RNase II protein to these secondary structures in the RNA. It has been shown that a protein termed EIF binds to stem-loop structures in the RNA [5] and it could be possible that the RNase IItS protein forms a stable complex with this protein. Alternatively, the temperature-sensitive mutation could change the structure of the protein in such a way that it increases the binding affinity of the protein for the RNA. Experiments on the mechanism of action of wild-type RNase II [20] suggested that there are two domains in the protein, one which binds the RNA to be degraded and the other which hydrolyses the RNA. We propose that the increased binding of RNase IIt" could have two effects. Firstly, it interferes in some way with RNase E cleavage (perhaps by occluding RNase E sites) so that the pattern of RNA degradation in the rnbts mutant resembles that of a RNase E mutant (Figs. 3 and 6) . Secondly, the stalled RNase IItS could inhibit the activity of PNPase. In the rnbts mutant, after 5 min at the non-permissive temperature of 44°C most of the degradation intermediates are not visible (Fig. 2) . However, after 5 min at this temperature, this mutant has already lost 90'% of its original activity [2] . We suggest that the inactivation of RNase II causes it to dissociate from the RNA or RNA-protein complex, therefore exposing the cyc mRNA to the action of PNPase and RNase E (Fig. 6 ). This would explain why the degradation intermediates observed at 0 min disappear relatively quickly.
Model 2: The RNase IIt" protein modulates the cleavage activity of RNase E, by associating with this enzyme. Although there is, as yet, no biochemical evidence of a functional association between RNase II and RNase E, the striking similarity in degradation pattern at time 0 min and the fact that most smaller intermediates rapidly decay in both mutants do suggest an interaction between the two proteins. This could be caused by the increased activity of PNPase and/or other unidentified ribonucleases. The most important consequence of model 2 is the possibility that RNase II, RNase E and PNPase interact or could be associated in the same complex.
The above models predict that a deletion which completely removes the RNase II protein will result in more efficient degradation of the cyc mRNA. If RNase II is absent, then it will not be available to interfere with the action of other ribonucleases and we would expect PNPase and RNase E to be more effective in the degradation process and the pattern of decay would be similar to the wild-type. An absolute deletion mutant had recently been constructed [lo] , and we decided to look the cyc mRNA decay in this deletion strain.
3.3. mRNA decay in the thermosensitive RNase II strain is signiJicantly difSerent from the RNase
II deletion strain
The Northern blot in Fig. 4 compares the degradation of cyc mRNA in strain CMA104, carrying the rrzb500 allele, with the isogenic strain CMA106, carrying the absolute rnb deletion. As predicted by our models, analysis of Northern blots (Fig. 4) showed that the pattern of degradation intermediates in the rnb deletion mutant at time 0 was very similar to that observed in the wild-type and different from that of the rnbts mutation. The degradation intermediates J, K and L that were strongly accumulated at the time of rifampicin addition in the temperature-sensitive strain are hardly detected in both the deletion and wild-type strains. In the deletion strain, as seen in the wild-type (Fig. 2) , the breakdown products seem to disappear progressively with time, in contrast to the all-or-nothing decay observed for the small and abundant degradation intermediates of the rnbts strain (Figs. 2 and 3 ). In the rnb deletion strain, at 60 min after rifampicin addition, we can still detect a faint. band corresponding to the full-length transcript, which indicates an increased stabilisation of the cyc mRNA compared to the wild-type strain. In fact, this is confirmed by half-life measurements, in which we obtained 7.6 min for the deletion strain in comparison to 5.5 min to the wild-type.
3.4. S1 mapping conjirms the decay pattern observed by Northern analysis S1 nuclease protection analysis was performed in order to map the termini of the predominant mRNA species observed during decay. Fig. 5A shows an Si nuclease experiment in which the 5' termini of cyc degradation intermediates were compared in the wild-type, rnbts, pnp7 and the rnb deletion strain. Apart from the accumulation of cyc mRNA intermediates in the pnp mutant strain, we do not observe any major differences in the banding pattern of these four strains. The observation that different ribonuclease mutants gave an identical pattern of 5' end-points has also been described for several messages [6, 21] . Fig. 5B shows an Si nuclease mapping experiment to map the 3' termini of cyc mRNA breakdown products in the wild-type and ribonuclease mutant strains. Strain rnbts strongly accumulated the degradation intermediates J, K, L, according to what was observed on Northern analysis (Figs. 2 and  4) . Comparing the three mutant strains, the mb deletion strain was the one with more similarities to the wild-type strain. However, the full-length transcript was more stable in the deletion strain (Fig. 4) ; this is probably the reason why the intermediates J, K, L are more abundant in this strain compared to what could be observed in the wild-type. Our results are consistent with the above models and show that the two RNase II mutant strains have different effects on stability.
This study examines the effect of RNase II on the degradation of an entire transcript. In contrast, previous studies have concentrated on the effect of the rnbts mutation on degradation of particular stemloop structures [6, 7] . Their experiments have suggested that the wild-type RNase II protein binds to terminal stem-loop structures and prevents access to PNPase. In our model, we suggest that the temperature-sensitive mutation in RNase II causes RNase II either to bind particularly strongly to the RNA or to inhibit directly the activity of RNase E. In the wildtype strain, some binding of the wild-type RNase II to secondary structures may not be important for the degradation of the cyc full-length transcript, because cleavage by RNase E, upstream of the stalled RNase II, will provide new 3' ends which can then be attacked by free PNPase or RNase II.
The novel characteristics of the RNase IItS protein that have been presented in this paper may shed light on the way in which it interacts functionally and structurally with other components of the degradation apparatus, and the RNA itself. This is the first time that an interaction between RNase II and RNase E has been suggested. The majority of previous experiments. on RNase II function have used the strain with the thermosensitive rnb500 allele [6, 21] . The rnb500 strain was particular useful to identify and characterise 3' polyadenylated terminals of some messages in E. coli [18] . However, our results show that it is now necessary to use the deletion mutant to analyse and reevaluate the role of RNase II in mRNA decay. Different messages will have to be analysed in order to understand better the effect of RNase II and its relationships with other components of the cellular degradation apparatus. Analysis of the effect of the deletion mutant on polyadenylation in E. coli would be particularly interesting. The data presented here therefore have major implications for the understanding of the role of exonucleases in E. coli mRNA degradation.
